ABSTRACT: Nanomaterials offer unique advantages as drug-delivery vehicles for cancer therapeutics. For immuno-oncology applications, cancer nanomedicine should be developed beyond drug-delivery platforms. A greater emphasis on actively modulating host anticancer immunity using nanomaterials provides new avenues for developing novel cancer therapeutics.
R ecent successes in cancer immunotherapy have generated significant interest in harnessing the body's immune system to fight cancer. 1 Numerous strategies have been investigated to improve the effectiveness while minimizing toxicities of cancer immunotherapy. 2 Traditionally used as passive vehicles for delivering conventional cancer therapeutics, nanomaterials are also being explored to boost host anticancer immunity. 3 Different nanoformulations of antigens, cytokines, chemokines, nucleotides, and Toll-like receptor agonists targeting various immune cells have been successfully demonstrated in many preclinical settings, producing promising results. 3 However, in these instances, nanomedicine mostly serves as a delivery vehicle to enable the more-efficient and more-targeted transport of immunostimulatory agents to help mount antitumor immune responses.
In this perspective, we examine how nanomedicine can progress beyond solely providing delivery platforms for immunotherapy and how different nanomaterials can be designed to possess intrinsic immunomodulatory properties that can help mount antitumor immune responses. This new class of immune nanomedicines can selectively regulate important signaling pathways within distinctive immune cell populations through their material compositions, geometries, or surface modifications to generate potent antitumor effects. Thus, whether through the design of more-efficient delivery devices for immunomodulating agents or the engineering of sophisticated nanoconstructs that can selectively regulate immune cell functions, immune nanomedicine represents an exciting opportunity to develop effective strategies that may one day significantly improve cancer treatment.
Nanomedicines as Delivery Platforms for Immunomodulating Agents. Synthetic and naturally derived nanoparticles possess unique physical and chemical properties that make them well-suited as drug-delivery platforms. Nanoformulations of conventional chemotherapeutic agents provide ways to modify the pharmacokinetic and pharmacodynamic properties of cytotoxic drugs without altering their tumoricidal activities. 4 Nanoparticles synthesized using different material compositions can encapsulate anticancer drugs within their inner cores. The surface of nanoparticles can be further modified to dock targeting moieties such as antibodies, peptides, or recombinant proteins that further enhance the selective accumulation of drugs within tumor tissues. 5 These unique advantages of nanomaterials have also been adopted for immuno-oncology applications. Both polymeric and lipid-based nanoparticles have been engineered to efficiently deliver antigens or viral peptides to antigen-presenting cells to stimulate memory T cell responses against tumors. 6, 7 Selfassembled nanoparticles, including those derived from viruses, can exhibit remarkable ability to generate potent immune responses against poorly immunogenic tumors by increasing the production of inflammatory cytokines such as interleukin (IL)-2 and interferon (IFN) -γ within activated leukocytes. 8 Nanoparticles can also be used to deliver specific cytokines, growth factors, or a cocktail of immune stimulants to boost immune cell functions. 9 With recent developments in genome editing, there have been growing interest in using nanoparticles to deliver nucleic acids such as siRNA for transcriptional modification or cas9 mRNA to repair specific diseaseassociated genes in vivo. For example, synthetic DNA nanocarriers were able to reprogram circulating T cells into antitumor phenotype by inserting leukemia-targeting chimeric antigen receptor (CAR) genes into the nucleus of these T cells. 10 This in vivo programing strategy using nanocarriers offers great potential to overcome many technical limitations associated with current CAR T cell therapy, such as extensive effort associated with ex vivo expansion of isolated T cells from individual patients. 10 Similarly, lipid nanoparticles assembled with specified compositions were recently shown to protect RNA sequences from extracellular ribonuclease degradation and promote their efficient uptake by professional antigenpresenting cells to express tailor-designed antigenic peptides in vivo. 11 Using RNA sequences that encode viral or mutant neoantigens, these nanoparticle constructs induce strong antitumor effector and memory T-cell responses through potent IFNα activation (Figure 1a) . 12 Remarkably, early clinical data from the first three melanoma patients treated with these lipid nanoparticle−RNA constructs showed strong IFNα and antigen-specific antitumor responses, 12 thus offering significant hope that such a system can be readily translated to the clinic.
In addition to allowing the delivery of multiple cargos, nanoparticles are advantageous for immune targeting because of their preferential uptake by innate immune cells, such as monocytes, macrophages, and dendritic cells within the body. 4, 5 The surfaces of synthetic nanoparticles present an ideal substrate for serum proteins, including albumin, apolipoproteins, and complements to bind, forming a biological corona that then interacts with multiple receptors (e.g., scavenger and complement receptors) expressed by professional phagocytes. 5 For traditional cancer nanomedicine, such nonspecific uptake by phagocytic cells is not desirable because it reduces the availability of encapsulated drugs to tumor tissues. For immune nanomedicine, however, this physiological process may, in fact, be beneficial. Nanoparticles designed with unique composition and surface-charge profiles can selectively home to lymphoid organs such as the spleen and produce desired immunomodulatory effects. These unique properties 12 (b) Nanomedicine can also help improve the efficacy of cancer vaccines. Synthetic high-density lipoprotein (sHDL) nanoparticles decorated with tumor antigens can promote the more-efficient delivery to APCs in lymphoid tissues, resulting in improved DC maturation and T cell-mediated tumor killing. 7 (c) Beyond delivery, nanoparticles themselves can also promote antitumor immune cell phenotypes. Iron oxide nanoparticles, for example, can polarize tumor-associated macrophages from a protumor M2-like to an antitumor M1-like phenotype, which releases reactive oxygen species (ROS) to induce tumor cell killing. 23 
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Mini Review make nanoparticle an ideal candidate for antitumor vaccine delivery. In particular, delivery of antitumor vaccine adjuvants via nanoformulation can enhance their potency while reducing side effects by limiting systemic distribution of adjuvants and prolonging their activity in draining lymph nodes. 13 Delivery of adjuvants and antigens can also benefit from inherent lymph node-targeting of endogenous proteins. For example, lipid micellar nanoparticles composed of amphiphilic adjuvant molecules have been designed to readily dissociate and bind to albumin upon in vivo administrations.
14 This "hitchhiking" strategy allows for markedly improved delivery to antigenpresenting cells and elicitation of robust antitumor T cell responses.
14 Alternatively, nanomaterials designed to mimic endogenous proteins have been utilized for cancer immunotherapy. High-density lipoprotein-mimicking nanodiscs "personalized" with tumor-specific neo-antigens have been shown to dramatically improve lymph-node targeting of neo-antigens, generating strong polyfunctional, neo-antigen-specific CD8 and CD4 T cell immunity that eliminated established tumors in combination with immune checkpoint blockade ( Figure  1b) . 7 These studies are paving the way for improving cancer immunotherapy with personalized nanomedicine.
Alternatively, nanoparticles can take advantages of existing cancer therapies to improve tumor-directed delivery. For example, perivascular macrophages can results in enhanced intratumoral delivery of nanotherapeutics through microvascular burst following local tumor irradiation. 15 In this case, nanomedicine designed to accumulate in perivascular tumor-associated macrophages would also benefit from the extravasation of these immune cells into the tumor tissue. These unique characteristics of nanomedicine will be highly valuable for immuno-oncology.
Nanomedicine as Immune-Modulating Agents. Although most of the research on nanomaterial−immune cell interactions has focused on studying the toxic effects of nanoparticles, 16 an area of intense interest is to harness the immunomodulating properties of nanomaterials to treat patients with cancer or autoimmune diseases. Liposomal or polymeric nanoparticles can be engineered to mimic the biological interactions between antigen-presenting cells and T cells or to act as specific subcellular granules to promote antitumor immunity. 17 Similarly, nanomedicine can be engineered to rely on immune cells to specially target and attack different types of tumors. Nanoparticles loaded with chemotherapeutic agents were delivered into neutrophils, which are then recruited to resection bed of brain tumors by postsurgical inflammatory cytokines to release the drugs that reduce local recurrences. 18 This immune-cell-based tumor targeting strategy also applies to other innate immune cell subtypes. For example, directly conjugating anti-PD-L1 antibodies onto the plasma membrane of platelets, which accumulate in the resection cavity after tumor surgery, can significantly facilitate the delivery of the antibody to the surgical bed, leading to reduced local and distant recurrence risks and prolonged survival in tumor-bearing mice. 19 Nanoand microparticles can also be designed to directly mimic the functions of immune cell subsets. For example, polydimethylsiloxane (PDMS) particles modified with activating antibodies to CD3 and CD28 resulted in enhanced expansion of CD4 + and CD8 + T cells in vitro. 20 Similarly, multivalent synthetic dendritic cells made of polymeric nanoparticles greatly increased the efficiency of T cell activation. 21 Although still early in development, these studies highlighted the importance of nanoparticle size, shape, rigidity and surface level, density, and spatial organization pattern of major histocompatibility complex (MHC) as well as co-stimulatory molecules contribute to generating T cell responses. This point was further reinforced by a recent study that demonstrated that the sizes of nanoparticles used as substrate for artificial antigen presenting cells is critical in T cell activation. 22 Therefore, if nanoparticle or nanoparticle cluster is below certain threshold size, then even increased ligand density may not be sufficient to properly stimulate a T cell response. 22 Another emerging area of research in immune cancer nanomedicine is the identification or engineering of nanoconstructs that can modulate specific steps along the immune activation cascade. For example, ferumoxytol, an iron oxide nanoparticle formulation approved by the United States Food and Drug Administration for the treatment of anemia, was recently shown to induce the polarization of tumor-associated macrophages toward the pro-inflammatory M1-like phenotype and promotes reactive oxygen species (ROS)-mediated tumor cell killing (Figure 1c) . 23 Systemic injection of ferumoxytol drastically reduced tumor growth of orthotopically implanted MMTV-PyMT breast tumors and significantly inhibited the formations of metastatic lesions in the liver and lung. 23 It is unclear, however, what molecular mechanisms are involved in the phenotypic and functional changes within macrophages that were caused by ferumoxytol. Nanoparticles can also be engineered to improve both tumor delivery and to produce enhanced antitumor immune responses. Magnetic nanoparticles consist of therapeutic fucoidan-dextran were modified with PD-L1 inhibitors and T cell activators (anti-CD3 and anti-CD28) to generate a multifunctional complex (termed IO@FuDex 3 ). 24 The magnetic core of the nanocomplex allowed in vivo magnetic navigation to improve tumor targeting and minimize off-target effect, while the simultaneous integration of PD-L1 inhibitor and T cell activator further augmented antitumor immune responses. 24 Beyond the modification of nanomaterial compositions, the surfaces of nanoparticles can also be engineered to enhance tumor cell phagocytosis and antigen presentation by macrophages. Using a bispecific multivalent nanoengager design, receptor-targeted clearance of HER2-positive breast cancer cells by macrophages can be induced through pro-phagocytic signaling mediated by calreticulin. 25 The bispecific nanoengager system recruits phagocytes to recognize and take up receptor-positive cancer cells and subsequently process them and present tumor-associated antigens to T cells. 25 In addition to improving the potency of exogenously administered molecular adjuvants, nanoparticles can also potentiate endogenous "danger signals" released by tumor cells. Tumor cells are known to undergo immunogenic cell death (ICD) upon treatment with certain chemotherapeutic agents. 26 To harness their therapeutic potential, whole tumor cells undergoing ICD have been decorated with adjuvantloaded nanoparticles, promoting the co-delivery of exogenous and endogenous danger signals. 27 Alternatively, the direct tumor-targeted delivery of ICD-inducers may also play major roles in cancer immunotherapy. 28 Nanodiscs tethered with an ICD-inducing agent were recently shown to improve their pharmacokinetic profiles and tumor accumulation, leading to robust upregulation of immunostimulatory danger signals within tumors and potent T cell responses against neoantigens, tumor-associated antigens, and intact whole tumor cells. 29 Moreover, some nanoparticles exhibit intrinsic proper-
Mini Review ties to induce ICD. For example, photothermal therapy (PTT) using gold nanoshells was shown to effectively ablate local tumors, releasing endogenous immunostimulatory molecules and promoting subsequent activation of dendritic cells. 30 Even stronger antitumor immune responses can be achieved by combination therapies. For example, PTT in combination with ICD-inducing chemotherapeutic agents or immunomodulating agents have been shown to synergistically elicit systemic antitumor immunity that can eliminate local tumors directly treated with PTT as well as untreated, disseminated tumors in multiple tumor models. 31, 32 Similarly, nanoparticles have also been used to induce ICD by combining chemotherapy and photodynamic therapy, or to capture tumor-associated antigens released by radiotherapy as a way to prime more potent antitumor T cell responses when combined with anti-PD-L1 antibody. 33, 34 As cancer immunotherapies such as immune checkpoint inhibitors are increasingly being used for localized cancers in the frontline settings often concurrently with other therapeutic modalities, these studies further demonstrate nanomedicine's potential for combinational immunotherapy for cancer treatments.
However, generation of the optimal antitumor immune responses will also require reducing the intrinsic immune suppressive signals that exist within a tumor. Investigations into the use of inorganic nanocrystals such as magnesium silicide (Mg 2 Si) to induce changes in local intratumoral partial O 2 concentration or identification of materials that can scavenge excess immune suppressive extracellular ions (e.g., potassium), are already underway, and represents potential new strategies to reprogramming the tumor microenvironment to improve cancer immunotherapies. 35 Future Outlook. Despite its great promises, the clinical translation of nanomedicine to treat human cancers has been slow. Recent successes of cancer immunotherapy have provided new opportunities and insights into exploring the unique properties of nanomedicines to enhance antitumor immune responses. Compared with other bioengineered materials such as hydrogels or implants, which have demonstrated ability to modulate local immune responses and offer great promises for cell therapy, 36, 37 nanomedicine can be engineered to target specific tissues and induce systemic antitumor immunity. Because we have made significant progress in understanding how nanomaterials interact with biological system over the past decade, the emergence of immune nanomedicine poses new questions and challenges. For example, large-scale reproducible production of immunonanomedicine that is compliant with chemistry, manufacturing and controls (CMC), and good manufacturing practice (GMP) will likely require the development of manufacturing processes. 38 Furthermore, majority of the preclinical evidence highlighting immune nanomedicine's clinical potential are limited to small rodent studies. Studies in larger mammals that are more reflective of human physiology can provide valuable information before clinical trials take place. Regardless of these challenges, it is foreseeable that immune nanomedicine will play a more -rominent role in the development of cancer medicine. A better understanding of how the immune system interacts with engineered nanomaterials will enable researchers to design optimal immune nanomedicines that are both effective and safe. 
